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Within the framework of QCD factorization, we discuss various important corrections 
arising from higher twist distribution amplitudes of mesons in the hadronic B decays. 
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1 Factorization with QCD improvement 

Consider the charmless B M1M2 decays with M2 being emitted, as shown 
in Fig. nj The decays can be studied by means of the QCD factorization (QCDF) 
approach T. Since the energies of final state mesons Mi,M2 are order of rriB/'^, 
the soft corrections between the two mesons will therefore decouple in order of 
Aqco/'Tib- Only hard interactions between (BMi) and M2 survive in the heavy 
b quark mass limit, mf, — > 00, and soft effects are confined to (BMi) system. In 
the QCDF approach, the transition matrix element of the 4-quark operator Oi, 
depicted in Fig. ^ is given by 



Jo 



+ I d^dudvT''{^,U,v)<^B{0'^MAv)'^AM, (1) 







where , are hard scattering functions, F^^^^ the B Mi transition form 
factor, $Mi 2 the light-cone distribution amplitudes (LCD As) of the final state 
mesons. 



2 Light-cone distribution amplitudes of light mesons 

The nonlocal quarks (and gluon(s)) sandwiched between the vacuum and the 
final state meson can be expressed in terms of a set of LCDAs. For the processes of 
B VP, where V and P denote the vector and pseudoscalar mesons, respectively, 
we find that the weak annihilation diagrams induced by {S — P){S + P) penguin 
operators, which are formally power-suppressed by order (Aqcd/?ti6)^, are chirally 
and logarithmically enhanced owing to the non- vanishing end-point behavior of the 
twist-3 LCDA of the pseudoscalar meson P [2] . The two-parton LCDAs of the light 
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Fig. 1. Pictorial representation of QCD factorization formula in B decays. 



pseudoscalar meson of interest are given by O |2] 



Pa 



where $ is the leading twist (twist-2) LCDA and $^ and <i>^ are of twist-3. The 
above LCD As are defined by 



(P(p)|gi(0)7^75g2(x)|0) 



Jo 



Jo 



(P(p)|gi(0)a^,75g2(x)|0) 



1 - 



mi + TO2 



X {p^x,-p,x^) / drye^^P-$^(7y), (3) 



where yJ^ = mp/(mi +7712), with toi_2 being the current quark masses of gi_2, and 
the asymptotic forms of LCDAs are: 



^^{x) =6x(1-.t), 



(4) 
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Fig. 2. Annihilation diagrams for B cj>K decays. 

3 Higher twist effects in S — > (t)K 

CLEO, BaBar and Belle recently reported the results j^lSHS] 

( (S.Sli s ± 0.6) X 10-6 CLEO, 
B{B^ ^ (j)K^) = i (10.0 ±0.9 ±0.5) X BaBar, 
[ (14.6 ±3.0t2:^) X 10-6 Belle, 

( (5.413-7 ±0.7) CLEO, 
B{B^^4>K°) = I (7.6 ±1.3 ±0.5) BaBar, (5) 
[ (IS.Ol^ i ± 2.6) Belle. 

In absence of annihilation contributions, the resulting branching ratios are Br(B^ — ! 
(j,K~) = (3.8 ± 0.6) X 10-6 and Br{B° (j)K^)^ (3.6 ± 0.6) x 10-^, which are 
small compared with the data. The relevant weak annihilation diagrams for (j)K 
modes, which are penguin-dominated processes, are depicted in Fig. [51 The annihi- 
lation contributions induced by [S — P){S + P) penguin operators are not subject 
to helicity suppression and could be sizable. As shown in [2], these annihilation 
contributions, which are formally power-suppressed by order of (AqcD/wb)^, are 
chirally and logarithmically enhanced. The logarithmical divergence (or enhance- 
ment) is owing to the non- vanishing end-point behavior of the twist-3 LCDA of the 
kaon. The annihilation amplitude for (pK modes is approximately given by 



Ann ^ --^VtbV;jBfKfM(^:K), (6) 

where 

63(0, i^) « ^(c6(/i,0+C5(A*ft)/iVc) X 6^,^(2X1 -X^), (7) 
Nc niB 

with Xa being usually parametrized as Xa = (1 + pa) ln(TO_B/Ax). Note that the 
gluon propagator in the annihilation diagrams, as shown in Fig. 12 is not as hard 
as in the vertex diagrams. Since the virtual gluon's momentum squared there is 
{vPPi + ^PP2)^ ~ ~ 1 GeV^, where f]mB ^ A^ and ^ ~ 0.5, the relevant 

scale for the annihilation topology should be /x/^ ~ 1 GeV. 
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By comparing calculation results with the data, we therefore know that annihi- 
lation contributions are not negligible and could give 50% corrections to the decay 
amplitudes of (j)K . Moreover, because the annihilation amplitudes give constructive 
contributions to (f>K modes, they need to have the large real part, Re{pA) > 0.7 
for adopting fs = 180 MeV. A totally different conclusion has been made in [7]. 
Their calculation gives almost imaginary annihilation contributions to the decay 
amplitudes. Nevertheless, their resulting branching ratios are instead enhanced by 
matching the full theory to effective theory at the confinement scale, where the 
Wilson coefficients become much larger. Using the QCDF approach, we obtain 
(j)K*/(j)K - f 12 EI, while in the pQCD study |3|1| the ratio is - 1.5. The result 
should be testable in the near future measurements. 

4 Higher twist effects \n B VV 

The B — > VV amplitude consists of three independent Lorentz scalars: 
A{B{p) Vi(£i,pi)V2(e2,P2)) oc el'^e2''{agf^„ + hp^^pi, + ice^i^Q/jp^pj )> 

where c corresponds to the p-wave amplitude, and c, d are related to the mixture 
of s- and d-wave amplitudes. The three helicity amplitudes are given by 

iJoo = [("^1 - ml- ml)a + 2m%plb] , 

2miTO2 

H±± = a =F msPcC, 

where Pc is the cm. momentum of the vector meson in the B rest frame and mi_2 is 
the mass of the vector meson Vi,2- Take B (j)K* as an example, which is shown 

in Fig. 121 When compared with Hqo, to occur in the H helicity amplitude, the 

spin of the s in the emitted vector meson has to be flipped. Therefore, the ampli- 
tude is suppressed by a factor of m^/niB- The amplitude is subject to a 
further spin flip and therefore is suppressed by {mci,/mB) x {uik* /mB)- It is thus 

expected that |i?ooP > \H ^ > \H++\'^. The QCDF results indicate that the 

nonf actor iz able correction to each helicity amplitude is not the same; the effective 
Wilson coefficients vary for different helicity amplitudes. The leading- twist non- 
factorizable corrections to the transversely polarized amplitudes vanish in the chiral 
limit and hence it is necessary to take into account twist-3 DAs (^^l of the vector 
meson in order to have renormalization scale and scheme independent predictions. 
Because the {S—P){S+P) penguin contributions to the W^-emission amplitudes are 
absent and annihilation is always suppressed by helicity mismatch, tree-dominated 
decays tend to have larger branching ratios than the penguin-dominated ones [H]. 

5 Higher twist effects in B ^ J /ipK 

The B J/TpK'^*'> modes EH E] are of great interest because they are 
only few of color suppressed modes in hadronic B decays that have been measured. 
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Fig. 3. The directions of quark spins in _B helicity amplitudes. Here the decays 

are assumed to happen via a {V — A){V — A) 4-quark operator. 



Fig. 4. Spectator corrections to B J/ipK. 

They receive large nonfactorizable corrections. Under factorization, the B J/ipK 
decay amplitude reads 



G 



A{B ^ J/^K) = -^V,,V:,a2fj,^mj,^F^^{m'j,^){2e* -pb) 



(8) 



\a2\ can be extracted from the data and its value is \a2\ — 0.27 ± 0.04, where the 
error depends on the form factor model of F^^ . The QCDF result for 02 is 



ci as Cp 



-18-121n— + // + 



tpBK 
?BKi 



91 + fh + In 



(9) 



where fi,gi arise from the vertex corrections, f^j from the twist-2 hard spectator 
interaction, and /p^ from the twist-3 hard spectator interaction. In Fig. ^ we plot 
the spectator corrections to the decay amplitude of i? — > J/4>K. To leading- twist 
order, i.e. neglecting ffj, we have a2{J/ipK) ~ 0.15 which is too small when com- 
pared with the data. The contribution of two-parton kaon LCDAs of twist-3 to the 
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spectator diagrams is 




fKfB 1 



X y 6z^ ' 



(10) 



where $^ is the two-parton kaon LCDA of twist-3 which has been shown in Eqs. © 
and @. In the above equation, the integral of $^ is divergent. However, it is known 
that the collinear expansion cannot be correct in the end point region owing to the 
non-zero transverse momentum {k±) of the quark. Thus we parametrize the integral 
as 

- ' l~ln(ms/Ax)(l+PH)-l (11) 



z 6z Jq z+{2k±)/'mi, 

To account for the experimental value of \a2\, the parameter pn should be chosen 
as large as ~ 1.5 It implies that a2{J/tpK) may be largely enhanced by the 
nonfactorizable spectator interactions arising from the twist-3 kaon LCDA 
which are formally power-suppressed but chirally and logarithmically enhanced . 

Nevertheless, since the contribution of the twist-3 kaon LCDA <I>^ to the spec- 
tator diagram is end-point divergent in the collinear expansion, the vertex of the 
gluon and spectator quark should be considered to be inside the kaon wave func- 
tion. I.e., the kaon itself is at a three-parton Fock state. Instead of considering the 
contribution of the two-parton kaon LCDA of twist-3 to spectator diagrams, we 
calculate the subleading corrections from the three-parton LCDAs of the kaon and 
get a2 = 0.27 -|- 0.05i which is well consistent with the data. The result also 
resolves the long-standing sign ambiguity of 02 which turns out to be positive for 
its real part. 



6 Can we understand why Kuj/ttuj ~ 1? 

The history of searching for the — > wX" rate is very interesting. The ujK~ 
mode was first reported by CLEO in 1998 U3| with a large branching ratio ~ 
15 X 10~^, but disappeared soon after analyzing a larger data set which was 
confirmed by the later BABAR measurement ^H]- However, recently Belle observed 
a large uK' rate, (9.2l2:3 ± 1-0) x 10"^, and loK' /lvtt- ~ 2 jTH]. The non-smaU 

ojK~ rate is also shown in the newly BABAR data |Hj with u!K~ ~ ujK'^ ~ ojtt~ ~ 
5 X 10^^. From the theoretical point of view, large ujK rates are hard to understand. 
The ratio K Lu/Tr~uj reads 



A UJ 



Vub 



fK 



(12) 



Czech. J. Phys. 53 (2003) 



Higher Twist Effects in Hadronic B Decays 





Fig. 5. The contributions of the dug Fock state of the pion to the B — > tt a; amphtude. 



where ri = f^F^'^/fj^A^'^, the chirally enhanced factor = ^^(^^1^ ) with 
ms^u being the current quark masses, and b^{K,uj) is the annihilation contribu- 
tion of Klij modes |17l . The 7r~w rate weakly depends on the annihilation effects. 
Without annihilation, since the 04 and clqt^ terms are opposite in sign in the K uj 

amplitude, the K^uo/tt^uj ratio should be very small. Choosing smaller rris could 
enhance the ratio, but does not help much in understanding data. We consider the 
contributions of the three-parton Fock state of the final state tt (or K) meson to the 
decay amplitudes, as shown in Fig. [3 We find that they can give significant correc- 
tions to decays with oj in the final states. The decay amplitudes with corrections 
from the three-parton Fock states are given by 

A{B- TT-iv) 

^ • • • + GprnUC ■P.)UFf^^rnl)iVubV:^ci - VtbV:^{2ci - 2c6 + cz))h , 
-■■■ + GpmUC ■PK)UFf^''iml)iVubV:,ci - VtbV:,{2ci - 2c^))h, (f3) 

where "• • •" denote the contributions from two-parton Fock states of the final state 
mesons, the normalization scale of is ^ f GeV, and 



4 



pZ{TT-\dri^9sG^^h\B-) ~ 0.12, (14) 



with Oi = dQ7^(l — 75)uq • M/37^(1 — "ibjbp, and ~ 0.23 being the averaged 
fraction of the pion momentum carried by the gluon. More details of the present 
work would be given elsewhere |E1 ■ We plot in Fig. the branching ratios for 
Kll},t:u} vs the weak angle 7. Taking 7 = 90°, we obtain the branching ratios 
TT UJ : K u) : K ui ~ 5.5 : 4.5 : 4.3 in units of 10 , which are in good agreement 
with the present data. 
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Fig. 6. Branching ratios for nuj and Kuj vs 7. The dashed, sohd, and dot-dashed hnes 
denote B — > tt'uj, K~ u and K uj, respectively, with pA = 0.9 and /s — 180 MeV. 



7 Summary 



Using the QCD factorization approach, we study various important corrections 
from higher twist distribution amphtudes of mesons in the hadronic B decays, (i) 
For the case of i? ^ (pK, the weak annihilation diagrams induced by {S — P){S + P) 
penguin operators, which are power-suppressed by order of (Aqcd /"ib)^, are chi- 
rally and in particular logarithmically enhanced owing to the non-vanishing end- 
point behavior of the twist-3 light-cone distribution amplitudes of the kaon. (ii) 
For the case oi B ^ VV, it is necessary to take into account twist-3 distribution 
amplitudes of the vector meson in order to have renormalization scale and scheme 
independent predictions, (iii) a2(J/'0X) may be largely enhanced by the nonfac- 
torizable spectator interactions arising from the twist-3 kaon LCD A which 
are formally power-suppressed but chirally and logarithmically enhanced. However, 
since the contribution of the twist-3 kaon LCDA <i>^ to the spectator diagram is 
end-point divergent in the coUinear expansion, the vertex of the giuon and spec- 
tator quark should be considered to be inside the kaon wave function. Instead of 
considering the contribution of the two-parton kaon LCDA of twist-3 to spectator 
diagrams, we calculate the subleading corrections originating from the three-parton 
LCDAs of the kaon and obtain a2 = 0.27 -t- 0.05i which is well consistent with the 
data and can solve the long-standing sign ambiguity of a2. (iv) We study the sub- 
leading corrections arising from the three-parton Fock states of mesons in B decays. 
Our results can account for the observation of tuK ~ wtt". 
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